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Archipelago (CAA) and Greenland. Available pollen data were used to understand the initial migration of taxa
across the Arctic, how the plant biodiversity responded to Holocene climate variability, and howpast climate var-
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the area during the Holocene from Europe or refugia south or west of the region immediately after local deglaci-
ation, indicating rapid dispersal of propagules to the region fromdistant sources. There is some evidence of shrub
species arriving later in Greenland, but it is not clear if this is dispersal limited or a response to past climates. Sub-
sequent climate variability had little effect on biodiversity across the CAA,with some evidence of local extinctions
in areas ofGreenland in the lateHolocene. Themost signiﬁcant impact of climate changes is on vegetation density
and/or plant production.
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An interest in predicting the impact of globalwarming on Arctic eco-
systems has led to considerable research using many approaches. Plant
physiological studies have long been popular in Arctic regions, as this is
a clear example of an area where temperature stress is important, al-
though other environmental factors also affect plant growth, reproduc-
tion, and survival (Crawford, 1989). Population and community level
studies, for example from the ITEX project, have attempted to estimate
how the current warming is affecting the vegetation (e.g., Elmendorf
et al., 2012). Remote sensing is used to document larger scale changes
in plant production (Epstein et al., 2013), and models of the vegetation
can summarize our understanding of Arctic vegetation response to cli-
mate variability (e.g., Epstein et al., 2000). Among themany conclusions
of the above studies is the importance of scale, in that short-term tran-
sient changes cannot be used to predict longer-term development of
terrestrial plant communities, and that considerable spatial variability
is present, especially from the Low to the High Arctic. The current
warming is affecting the Low Arctic more than the High Arctic and
changes differ depending on plant functional type (Elmendorf et al.,
2012). Although there are occasional exceptions (e.g., from Svalbard,
Prach et al., 2010), these inferences are based on data from the past
~20–30 years.Table 1
Pollen diagrams used in this study.
No Site name Region Longitude
(dd)
Latitud
(dd)
1 MS7411 W Arctic −124.27 71.75
2 Muskox W Arctic −122.67 71.78
3 MS7415 W Arctic −120.22 73.53
4 MS7412 W Arctic −119.83 72.37
5 KR02 W Arctic −113.78 71.34
6 MB01 W Arctic −112.08 69.81
7 BC01 W Arctic −111.92 75.18
8 PWWL Cent Arct −98.48 73.58
9 RS29 Cent Arct −95.28 73.13
10 RS36 Cent Arct −95.07 72.58
11 JR01 Cent Arct −95.07 69.90
12 SL06 Cent Arct −91.89 68.59
13 FishLake Cent Arct −85.22 73.03
14 PatriciaBay E Arctic −68.50 70.47
15 Iglutalik E Arctic −66.08 66.13
16 Robinson E Arctic −64.27 63.40
17 Donard E Arctic −61.78 66.67
18 Dyer E Arctic −61.42 66.63
19 Jake E Arctic −65.17 63.67
20 Fog E Arctic −63.25 67.18
21 Sermiut A E Arctic −51.13 69.20
22 Lake31 E Arctic −50.47 67.05
23 BairdInlet N Greenl −76.78 78.50
24 Qeqertat N Greenl −66.65 77.50
25 Lange Sø N Greenl −58.60 75.37
26 Klare Sø N Greenl −30.57 82.17
27 Peters Bugt Sø E Greenl −20.05 75.32
28 Bramgass Sø E Greenl −28.03 70.52
29 Potomogeton Sø E Greenl −27.73 70.95
30 PG1214 E Greenl −21.54 70.60
31 PG1205 E Greenl −22.47 72.72
32 Terte Lake A S Greenl −51.92 64.47
33 Sardlup Qaqa S Greenl −51.68 64.40
34 Johs Iversen Sø S Greenl −50.00 64.40
35 Nigerdleq S Greenl −49.33 62.07
36 Karra S Greenl −50.58 64.77
37 ComarumSø S Greenl −45.53 61.13
38 Spongilla Sø S Greenl −44.35 59.97
39 Kloft Sø S Greenl −44.23 60.05Studies of the past can contribute to this research effort. Based on a
diverse set of information, including ice cores, fossil records, and isotopic
or sediment analyses fromacross the CanadianArctic Archipelago (CAA)
andGreenland, it has been demonstrated that the early ormid-Holocene
was warmer than the 20th century, although the timing of maximum
warmth differed from place to place (Bradley, 1990; Gajewski and
Atkinson, 2003; Kaufman et al., 2004; Gajewski, 2015). Understanding
how the vegetation responded to this early- to mid-Holocene warming
may lend insight into what may happen in the future.
In this paper, I review paleoecological evidence to understand how
climate changes of the Holocene affected the Arctic vegetation. Avail-
able pollen diagrams from across the Canadian Arctic Archipelago and
Greenland (Table 1; Fig. 1) are synthesized to show the postglacial veg-
etation succession across the region. This paper will focus on three
questions:
1. Whatwas the nature of the initialmigration of taxa across the Arctic?
Is there evidence of migration lag of the various plants as the
Innuition, Laurentide and Greenland Ice Sheets retreated and newly
uncovered land was made available for colonization? Where did
the plants come from?
2. How did the plant biodiversity respond to Holocene climate variabil-
ity? What were regional differences in the vegetation through time?e Altitude
(m)
Basal date
(ka)
Reference
30 11.3 Gajewski et al. (2000)
305 12.5 Gajewski et al. (2000)
120 11.8 Gajewski et al. (2000)
220 10.1 Gajewski et al. (2000)
229 9.7 Peros and Gajewski (2008)
290 2.3 Peros and Gajewski (2009)
225 12.9 Peros et al. (2010)
110 7.3 Gajewski and Frappier (2001)
180 11.3 Gajewski (1995)
160 13.0 Gajewski (1995)
120 7.1 Zabenskie and Gajewski (2007)
243 2.7 Peros and Gajewski (2009)
91 16.3 Short et al. (1994)
11 7.1 Short et al. (1985)
90 9.9 Short et al. (1985)
170 11.8 Miller et al. (1999)
460 15.1 Miller et al. (2005)
306 9.5 Miller et al. (2005)
300 9.6 Miller et al. (2005)
460 9.0 Fréchette et al. (2008a)
10 3.7 Fredskild (1967)
115 5.7 Eisner et al. (1995)
295 10.0 Hyvärinen (1985)
22 7.6 Fredskild (1985a)
15 9.5 Fredskild (1985a)
45 7.7 Fredskild (1973)
16 15.2 Bjorck and Persson (1981)
200 7.6 Funder (1978)
58 7.0 Funder (1978)
40 10.0 Wagner and Melles (2001)
110 10.0 Wagner et al. (2000)
61 10.0 Fredskild (1983)
140 10.0 Fredskild (1983)
100 9.6 Fredskild (1983)
92 10.8 Kelly and Funder (1974)
265 9.8 Fredskild (1983)
125 9.5 Fredskild (1973)
6 10.4 Fredskild (1973)
60 9.6 Fredskild (1973)
Fig. 1.Map showing location of pollen diagrams used in this paper. Island names in white text.
Vegetation zones generalized from shapeﬁles from CAVM Team (2003).
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These pollen data were recently used, alongwith an extensive mod-
ern pollen dataset (Whitmore et al., 2005) to provide a ﬁrst quantitative
estimate of the Holocene climates across the entire study area (Fig. 2;
Gajewski, 2015). In the present study, the vegetation history is studied.Fig. 2. Climate reconstruction (mean July temperature) of the Canadian Arctic Archipelago (CA
vidual pollen diagrams were interpolated to 200-year intervals and averaged across each regioApart from occasional palynological studies (e.g., Iversen, 1952), the
study of the postglacial history of the vegetation in Greenland began
with Fredskild (1973), who presented a number of pollen records
from several areas of Greenland. Many other studies have been per-
formed since then, discussed below, and the number of studies has
greatly increased in recent years with the publication of multi-proxy
studies of lake sediments from many areas of Greenland. In theA) and Greenland, based on the pollen data used in this study. Reconstructions from indi-
n; see Gajewski (2015) for details. Vertical line is the present (20th century).
275K. Gajewski / Global and Planetary Change 133 (2015) 272–287Canadian Arctic Archipelago, difﬁculty of access, and the generallymore
severe environment meant that few studies were performed until the
1990s. Pollen analysis is particularly difﬁcult in polar desert environ-
ments, although methods to collect and analyze data from Arctic sedi-
ments have been developed over the course of the past few decades
(Gajewski et al., 1995; Gajewski, 2006). Early pollen diagrams were
published from Bafﬁn Island (Short et al., 1985) and Ellesmere Island
(Hyvärinen, 1985), and a study of modern pollen deposition from
Banks Island (Ritchie et al., 1987)was done in the context of work on in-
terpretation of pollen records and to provide data for paleoclimate stud-
ies (e.g., Anderson et al., 1989, 1991). Gajewski (2002); Kerwin et al.
(2004) and Fréchette et al. (2008b) showed that the different vegeta-
tion zones and regions of the Canadian Arctic could be distinguished
using the modern pollen.
A number of studies have been conducted of the pollen from ice
cores from Devon (McAndrews, 1984), Penny (Short and Holdsworth,
1985) and Agassiz Ice Caps (e.g., Bourgeois, 2001; Bourgeois et al.,
2000) or snow and ice samples (Bourgeois et al., 2001). The source
area for pollen in ice cores is very large and mostly unknown, so they
are of lesser use in understanding the regional vegetation history. How-
ever, these ice cores and snow samples showed the remarkable resolu-
tion possible in Arctic pollen studies (Bourgeois, 2001).
2. Study area
This study is restricted to polar desert and tundra ecosystems of
the CAA and coastal Greenland (Fig. 1). Ritchie (1987) summarized
paleoenvironmental data from continental North America and several
studies have summarized the available pollen data from Greenland
(e.g., Fredskild, 1985b; Funder and Fredskild, 1989). This is the ﬁrst
study that combines data from across the entire region and analyzes
them in a uniform way.
2.1. Arctic ﬂora and vegetation
Many Arctic plant species have a circumpolar distribution, although
there is also regional differentiation of the ﬂora (Hooker, 1861; Hultén,
1937, 1958). Of particular note are taxa that are found in Europe and
Eastern North America, but not in Beringia, as the mechanism causing
this distribution must be explained. Floristic and phylogenetic studies
are of relevance to understanding plant dispersal to the CAA and Green-
land in the Holocene, but the composition of the ﬂora will not be
discussed in this paper.
Numerous studies have deﬁned the ﬂoristic divisions of Greenland
and the nature of the vegetation (e.g., Böcher et al., 1959), and noted
in particular the distinction between coastal and inland areas. The pa-
leoecological implications of this gradient are discussed in detail in the
original papers. In Canada, the distribution of the ﬂora is summarized
by Porsild and Cody (1980) and in Greenland by Böcher et al. (1968).
Vegetation of the circumpolar Arctic has recently been mapped by the
CAVM Project (Walker et al., 2005). This classiﬁcation scheme is more
detailed than needed for the present study, however, and given the
available pollen sampling density, a simple classiﬁcation intoHigh,Mid-
dle and Low Arctic is sufﬁcient (Fig. 1). Broadly, High Arctic used here
corresponds to the Cushion-forb and Prostrate shrub zone (A, B),Middle
Arctic corresponds to the Hemiprostrate shrub zone (C) and Low Arctic
corresponds to the Erect Shrub and Low Shrub zones (D, E) of Gould
et al. (2003a).
2.2. Glacial history
The Wisconsinan deglacial history of North America is summarized
in a series of maps by Dyke (2004), althoughmore recentwork has sug-
gesting important modiﬁcations (England et al., 2006). The northern
portion of the CAAwas covered by an Innuitian Ice Sheet which abutted
to the Laurentide Ice Sheet and Greenland Ice Sheets. A previousinterpretation of ice-free regions in the northwest, including parts of
Banks, Melville and Prince Patrick Islands is no longer accepted
(England et al., 2006, 2009), so refugia would have been much smaller,
if they existed in the area. Potential refugia may be under water as sea
level rose in the postglacial. The CAA deglaciated from the north and
west; by 8 ka, only parts of Bafﬁn Island had more extensive ice cover
than today. Funder et al. (2011) summarized the glacial history of
Greenland and showed only small areas of the present-day land surface,
in the northeast and northwest, were unglaciated at the Last Glacial
Maximum (LGM). In some areas, the ice extended to the edge of the
continental shelf, but in other areas, ice extent in colder times is poorly
constrained. Ice retreat, with readvances, occurred between 17 and
11 ka and reached the present-day margins in some areas by 10 ka,
and there is evidence for further retreat beyond the present margin
between 8 and 5 ka.2.3. Climate and Holocene climate change
In the Canadian Arctic, there is a close correspondence between the
macroclimate and the vegetation distribution (Edlund and Alt, 1989).
Coldest July temperatures, low precipitation and the shortest growing
season, along with highest cloud cover are found to the northwest
(west of Ellesmere and Axel Heiberg Islands and north of the Parry
Channel) and this corresponds to regions lacking prostrate shrubs. In
Greenland, a strong climatic gradient exists from the coast inland, and
the importance of this gradient to the vegetation has been emphasized
in many studies (e.g., Fredskild, 1973).
Much of our knowledge of the Holocene climate variability is de-
rived from pollen records, however, at the broad scales seen here,
there are sufﬁcient other records (paleolimnological, ocean and ice
cores) that provide independent evidence of regional climate se-
quences. Kaufman et al. (2004) summarized the overall climate history
of the region (however this is based in part on the interpretation of pol-
len records).Warmest temperatures occurred early in thewest and cen-
tral Canadian Arctic, prior to 8 ka. The eastern Arctic and most of
Greenlandwerewarmest between 8 and 5 ka. In south Greenland,max-
imum temperatures were reached between 4 and 3 ka, and it remained
relatively warm in the late Holocene. A late Holocene cooling occurred
over the past 3.7 ka towards the west and the past 2 ka towards the
east (Gajewski, 2015; Fig. 2). Although Fig. 2 is based on the pollen re-
cords, these reconstructions are consistent with other records. For ex-
ample, high ice core melt percentages (Fisher et al., 2012) and the
presence of thick peat deposits dated to the early Holocene (Garneau
andAlt, 2000) indicate a verywarm early tomid-Holocene on Ellesmere
Island. In the western Arctic, chironomid records conﬁrm the pollen-
based reconstructions (Fortin and Gajewski, 2010a,b). A synthesis of
ocean cores from across the region (de Vernal et al., 2013) also provides
broadly consistent results (Gajewski, 2015).
3. Methods
Published pollen data (Table 1)were obtained frompublic databases
or from the authors, including the North American Pollen Database
(www.ncdc.noaa.gov/paleo), the Canadian Pollen Database (www.lpc.
uottawa.ca) and PANGAEA (www.pangaea.de). A total of 39 pollen dia-
grams were available. Most spanned the postglacial period, although a
few were shorter (Table 1).
Pollen can only rarely be identiﬁed to species, so this study is based
mostly on genus and family levels. A ﬁle containing 32 taxa (Table 2)
was created, which includes the most abundant taxa that would have
been consistently identiﬁed in the various studies. Tree pollen from
the boreal and deciduous regions is transported to the Arctic by air
mass movement and can comprise up to half of the pollen sum in
some sites; these were omitted from the pollen sum for this study, ex-
cept where noted below. Pollen of several tree and shrub taxa, such as
Table 2
Arctic pollen (and spore) taxa used in this study. Taxa not included in the ordinations
(Figs. 6 and 7) are indicated by a *. The four Lycopodium taxa were also summed prior to
analysis for Figs. 6 and 7.
Taxon Taxon
1 Betula 17 Oxyria-type
2 Alnus 18 Ranunculaceae undiff
3 Salix 19 Thalictrum
4 Ericaceae 20 Rosaceae undiff
5 Artemisia 21 Potentilla
6 Caryophyllaceae 22 *Rubus chamaemorus
7 Chenopodiaceae 23 Saxifragaceae undiff
8 Cruciferae 24 Saxifraga oppositifolia
9 Tubuliﬂorae 25 Lycopodium undiff
10 Cyperaceae 26 Lycopodium annotinum
11 Dryas 27 Lycopodium clavatum
12 Gramineae 28 Lycopodium selago
13 Leguminosae 29 Polypodiaceae
14 Papaver 30 *Selaginella
15 *Pedicularis 31 Equisetum
16 Polygonaceae undiff 32 Sphagnum
276 K. Gajewski / Global and Planetary Change 133 (2015) 272–287Alnus and Betula can be transported from the south, but also grow in
parts of Arctic, especially southern Greenland. Since these taxa include
species that grow in the Arctic, they were retained.Fig. 3. Representative summary pollen diagrams from the six regions. Only a few of the most c
in Fig. 1.To aid in the interpretation of the fossil assemblages, all available
modern pollen samples (Ritchie et al., 1987; Gajewski, 1995, 2002,
Gajewski et al., 1995; Kerwin et al., 2004) from the Arctic and Forest-
Tundra vegetation zones of the North American Modern Pollen Data-
base (Whitmore et al., 2005) were extracted. Modern pollen, extracted
from the uppermost cm of the sediment column and therefore deposit-
ed recently, can be compared to the present-day environment, and
these samples are used for calibration and interpretation of the fossil
data.
Most results included here are presented a function of geographic
region (Table 1), where sites were assigned to the region based on loca-
tion but also by similarity in the paleoclimate reconstructed using these
data (Gajewski, 2015), as determined by a principal components analy-
sis of the reconstructions. This approach has the effect of aggregating
sites by different analysts or studies done over the course of over 50
years, and in this way potential differences in taxonomic assignments
are minimized.
Modern analogues were identiﬁed for all fossil samples using
squared chord distance (SCD) as the dissimilarity metric (Gajewski,
2015); only the best analogue (minimum dissimilarity) was analyzed
in this study. A principal components ordination was performed on
the correlation matrix and all taxa were Hellinger (square-root) trans-
formed before analysis (Borcard et al., 2011). For the ordination,ommon taxa are illustrated. References for the sites are listed in Table 1, and the location
277K. Gajewski / Global and Planetary Change 133 (2015) 272–287where a closed sum could not be used, taxa found in fewer than 5% of
the pollen spectra were dropped (Pedicularis, Rubus chamaemorus and
Selaginalla) and the Lycopodium species were aggregated, leaving 26
taxa. Two analyses were performed, one using all modern and fossil
data combined, and a second using only fossil data.
Pollen concentrations and accumulation rates (PAR; also called
inﬂux) are typically computed, however, only rarelywere these data in-
cluded in the databases. For all modern samples where concentrations
were available, these data were extracted. Cores from 25 sites had con-
centrations available and pollen inﬂux was computed.
All 14C ages were calibrated, and are presented as ka or Cal Year BP,
where the base is set to AD 2000 to avoid negative ages (Gajewski,
2015). Nomenclature follows Porsild and Cody (1980). Analyses were
done in R (R Core development Team, 2011), including the packages
MATOOLS (Sawada, 2006) and VEGAN (Oksanen et al., 2015).4. Results and discussion
4.1. Dispersal of plants to and within the CAA and Greenland
A ﬁrst question concerns the dispersal of plants to the CAA and
Greenland. The CAA is a series of islands separated by water or ice-
ﬁlled channels. How andwhen did the plants get to the various islands?
Similarly, coastal Greenland is far removed from continental sources;
how and when did the ﬂora arrive?
Before discussing the timing of the initial arrival of the various plant
taxa, the source regions for the populations needs to be known. If plants
had survived the full glacial in local refugia, we would expect a more
rapid dispersal than if they arrived from south of the ice sheet or across
the Atlantic or Arctic Ocean. This question has not been resolvedFig. 4. Pollen percentages as a function of time since local deg(Section 4.1.1), although new methods of analysis (Section 4.1.3) are
providing evidence of potential source areas.
The arrival of a taxon is interpreted from macrofossil evidence
(e.g.,Wagner and Bennike, 2015) or by abrupt increases in pollen repre-
sentation of taxa that produce large amounts of pollen (Funder, 1979).
Fossil evidence for the initial migration of the taxa is discussed in
Section 4.1.2. More recently, genetic analyses are providing insight
into plant dispersal and migration, discussed in Section 4.1.3. Finally,
dispersal mechanisms are discussed in Section 4.1.4.
4.1.1. Source regions for the postglacial ﬂora
The origin of the Arctic ﬂora has been studied for over a century
using traditional biogeographic methods, and disjunct taxa are an im-
portant information source for the study of this question. Many plants
have an “amphi-Atlantic” distribution, that is, they are found in
Europe and Greenland or eastern North America, but not in thewestern
Canadian Arctic or in Beringia. This pattern would have been caused ei-
ther by dispersal across the Atlantic, probably from Europe westwards,
or these species were widely-distributed taxa that were eliminated
from Beringia and adjacent regions at some time (Hultén, 1958).
Johansen and Hytteborn (2001); Brochmann et al. (2003); Abbott and
Brochmann (2003) and Ægisdóttir and Þórhallsdóttir (2004) among
others, have recently discussed these two alternate explanations of
the origin of the postglacialﬂora of Greenland and the North Atlantic re-
gion, and they review the older literature. The focus of much of this
work is on understanding the origin of the ﬂora and fauna of the region,
but for our purposes these studies have relevance for understanding
how fast plants can migrate in response to climate change.
The ﬁrst option, called the tabula rasa hypothesis, is based on the in-
terpretation of the glacial record of theWisconsinan period. If extensive
ice sheets covered the entire area of the CAA and Greenland (i.e. nolaciation. All pollen data from each region are combined.
Fig. 5.Values of squared chorddistance (SCD) comparing fossil pollen assemblages against
all modern data (see text) plotted against (a) age, and (b) site number (Table 1). SCD
values are multiplied by 100.
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must have come from farther aﬁeld. Furthermore, all migration would
date to the postglacial time; that is, the entire ﬂora would have arrived
from Europe, Beringia or southern Canada/United States in the past 10–
15 ka. Many years ago, phytogeographers considered the Atlantic a
barrier to dispersal, leading to the assumption that plants had survived
in refugia (Abbott and Brochmann, 2003), and this was considered evi-
dence against this hypothesis.
The alternative idea is that there had been some survival in refugia.
Research has attempted to identify potential areas; for the CAA, poten-
tial refugia are (a) Beringia, (b) the far northwest (e.g., parts of Banks,
Prince Patrick, and Melville Island), (c) the eastern Arctic, either in
coastal regions or nunatuks, and (d) south of the ice sheet, especially
to the east (Tremblay and Schoen, 1999) or in the Rockies. In Greenland,
potential areas are nunatuks or coastal areas now submerged, but the
interpretation of these is not certain (e.g., Funder, 1979). These areas
need not be stable or available during the entire glacial period, as they
could presumably form, be covered by ice and reform,with dispersal be-
tween the various refugia if the climate was not too cold. If this alterna-
tive is the case, the timescale of the process establishing the amphi-
Atlantic distribution patterns would be longer than the postglacial,
and this hypothesis therefore suggests that dispersal is much slower.
These hypotheses are reviewed by Brochmann et al. (2003).
Bennike (1999) concluded that only very few cold-adapted plants
would have survived in Greenland as temperatures were too cold
even if unglaciated areas remained. This suggests that the ﬂora immi-
grated during the past 11.5 ka. On the other hand, Rundgren and
Ingólfsson (1999) found that many taxa, including shrubs such as
Betula, Salix and Juniperus communis survived the Younger Dryas (YD)
in Iceland, based on a pollen record, and interpreted this to mean that
they could have survived the glacial period in place.
Thus the issue depends on understanding the paleogeography of the
CAA and Greenland during the glacial period. However, even with evi-
dence of refugia, the climatemust bewarm andmoist enough for plants
to survive. The presence of refugia, perhaps in areas now under water,
or on nunatuks has been greatly studied, but there is no consensus on
their presence. In Canada, it had been assumed that the far northwest,
and perhaps parts of the eastern Arctic had remained unglaciated
(Dyke, 2004), although the interpretation of open land in the northwest
has been challenged (England et al., 2006, 2009). In both the CAA and
Greenland, there is a possibility of potential survival on nunatuks or in
coastal areas now under water (Brochmann et al., 2003).
If there were local refugia in the CAA and Greenland, these would be
centres from which plants could radiate outwards, implying a shorter,
although still challenging dispersal. In this case, the amphi-Atlantic
plants could have migrated to the CAA in the distant past, and simply
spread during interglacials and retracted their range in glacial times.
Jørgensen et al. (2012) studied the plants and extracted plant DNA
from sediments dating to ~5 ka from a nunatuk in southern Greenland.
Although there was some short term variability in the species richness,
many plants identiﬁed by their DNA in the soil are still found today. The
taxa identiﬁed in the soil DNA are widely distributed taxa.
If there were no local refugia, then this would suggest that a large
proportion of the ﬂora arrived from Europe in the postglacial. This sug-
gests very efﬁcient dispersal of the ﬂora, especially as so many taxa ar-
rived immediately after local deglaciation (below). This has obvious
implications for what is occurring today in the Arctic.
Finally, a third case is taxa that arrive from south or west of the
Laurentide Ice sheet. The Beringian refugium is well established, as is a
refugium south of the ice sheet. Plants would migrate northward as
the land became free, assuming they were not out-competed by more
southern species. They would then migrate across the CAA and from
there, to northwest Greenland, across the narrow Nares Strait from
Ellesmere Island, from Labrador or from north-western Europe. The
speed of dispersal is intermediate between that of radiating out from
local refugia, or arriving from Europe across the Atlantic.The study and discussion of this issue have continued for over a cen-
tury (Johansen andHytteborn, 2001; Brochmann et al., 2003; Ægisdóttir
and Þórhallsdóttir, 2004), without resolution, as new information lends
favour to one or the other hypothesis. In recent years, phylogenetic
studies have added new data to help resolve the issue.4.1.2. Arrival of plants to the CAA and Greenland
A summary of arrival times of plant taxa in Greenland shows many
herbaceous species arriving quite early, nearly immediately after local
deglaciation and before 10 ka, but that most shrubs arrived at various
time between 8.8 and 4.2 ka (Table 2 in Bennike, 1999). Dated macro-
fossils from northeast Greenland (Bennike et al., 1999) provide conclu-
sive evidence of minimum age of arrival; some herbaceous taxa were
growing shortly after an abrupt warming at 11.5 ka, and within 3000
years, most of the ﬂora had established.
All taxa in most pollen diagrams from the CAA are present through
the entire record, including the lowermost sediments (Fig. 3). In the
CAA, where maximum temperatures occurred immediately or shortly
after deglaciation, there is macrofossil evidence of rapid plant migra-
tions to the Arctic and range extensions between 7 and 11 ka
(e.g., Ovenden, 1988).
The pollen record shows little evidence of migration lag (Fig. 4), in
spite of the large distances from source populations and the presence
of intervening ocean. The taxa plotted in Fig. 4 show constant values
through the record, suggesting they were present from shortly after de-
glaciation. The exceptions are Alnus, which shows a slight increase after
several thousand years, and Polypodiaceae, which is higher in the oldest
sediments.
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in Greenland, such as Betula nana (Funder, 1979; Fredskild, 1985b;
Funder and Fredskild, 1989). Among Betula spp., B. nana is recorded in
East Greenland by 8 ka and southern Greenland by 6-7 ka (Funder,
1979; Fredskild, 1991). Betula glandulosa evidence dates to 5.7 ka.
Northern shrub species (Salix arctica, Cassiope) are recorded at N8 ka,
and were widely distributed by 6 ka. Shrub species found only in the
south of Greenland include Juniperus, which had arrived by 7 ka. Alnus
arrived in Greenland after 4 ka although the interpretation of this is
not entirely certain (see a recent discussion in Fréchette and deVernal,
2009); a long tail of low pollen values is interpreted as long-distance
transport, but may be small local populations (Fredskild, 1983). The ar-
rival times of the shrubs inGreenlandmay be interpreted as delayedmi-
gration due to dispersal limitations, or to the inability of these taxa to
establish due to climate or landscape conditions, or simply lack of ap-
propriate fossils in older deposits (Kelly and Funder, 1974; Fredskild,
1985b; Bennike, 2000).
Epp et al. (2015) analyzed the DNA from a sediment core from
northern Greenland. They were able to identify DNA of Salix, Ericaceae
(Empetrum nigrum, Cassiope) and herbaceous taxa (Saxifraga and
Gramineae). DNA of these taxa was extracted from most samples,
even the lowermost, which were dated as older than 10 ka, suggesting
the local presence of the taxa through the whole sequence. However,
they caution that the interpretations are not backed up by macrofossil
records; for example, Salix DNA was found in sediment older than
10 ka, but this predates the accepted date of arrival of this taxon
2000 years later.
Determining the reason for the later arrival of some taxa may be
ambiguous, given the many variables to consider. It may be due to an
inappropriate climate or due to dispersal limitations. The conclusion
therefore depends on what is the presumed climate in the period
prior to the ﬁrst evidence of arrival, but this is imperfectly known.
Normand et al. (2013) conclude, based on modelling studies, thatFig. 6. Principal components analysis of all fossil and modern pollen assemblages. The ﬁrst co
coloured by region for the fossil samples (Table 1), and the modern samples are divided into tthere was during the Holocene (and will be in the future) a long lag of
thousands of years in the colonization of plants in response to climate
changes, due to dispersal limitation and other factors. However, this
conclusion is based on comparing the past mapped plant ranges to
those based on a niche model driven by climate generated by a climate
model, downscaled to the surface. A species that arrived later than ex-
pected (based on the climate simulated by the model), may have done
so due to unsuitable environmental conditions or due to dispersal limi-
tation, and thiswould depend on the species, but given themanyuncer-
tainties of the study, the conclusions are premature. In any event, any
conclusion would depend on where the plants had to migrate from, as
discussed above.
4.1.3. Phylogeography
Over the past fewdecades, a new approach— phylogeography— has
been developed to shed light on the origin of the postglacial ﬂora of
the CAA and Greenland. For example, the chloroplast DNA of Dryas
integrifolia from northern North America (Tremblay and Schoen,
1999) was analyzed in relation to the distribution of fossil evidence.
There was some evidence of grouping, with eastern and western distri-
butions (there were few sites from Greenland). They found the
Beringian region could be interpreted as a source region, and plants mi-
grated out from there across the CAA and to the south. They also suggest
that their results are not incompatible with a refugium in the far north-
west, although, as discussed above, current glacial geological analysis
suggests that if it were there, it would have been in areas now sub-
merged. Their results were also compatible with a refugium along the
eastern coast or south of the ice sheet, and they suggest westward mi-
gration was blocked by the mountain chain extending from Ellesmere
Island through Labrador.
A phylogenetic analysis of Saxifraga oppositifolia (Abbot et al., 2000)
showed Greenland and eastern Canadian individuals form a clade with
western European specimens and that western North American andmponent explained 13.0% of the variance and the second explained 11.8%. The scores are
hose from the Arctic and Forest-Tundra (FT) (Whitmore et al., 2005).
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Europe (Winkler et al., 2012). Schönswettter et al. (2008) suggest that
the amphi-Atlantic cluster of the circumpolar plant Carex begelowiimi-
grated out from eastern North America to Europe in the postglacial, and
they also note the presence of long-distance dispersal. Alsos et al.Fig. 7. Principal components analysis of all fossil Arctic pollen assemblages. The ﬁrst compon
coloured in two different ways: (a) Scores coloured by region (Table 1). A convex hull is comp
and a convex hull computed for samples from the interval.(2005) found evidence of efﬁcient dispersal, perhaps by birds, of
Vaccinium ulginosum to the CAA and Greenland from south of the ice
sheet in North America, as well as some evidence of dispersal from
Europe in the postglacial. Cassiope tetragona apparently migrated out
of Beringia in the postglacial and across the Canadian Arctic andent explained 13.3% of the variance and the second explained 10.9%. The same biplot is
uted around samples from each region (lines). (b) Scores coloured by their time interval
281K. Gajewski / Global and Planetary Change 133 (2015) 272–287Greenland by 8000 cal yr. BP, although genetic studies could not rule out
regional refugia and an earlier migration (Eidesen et al., 2007).
Brochmann et al. (2003) review other examples. Genetic studies
lead to the conclusion that many amphi-Atlantic species are not rem-
nants of fragmented pre-Quaternary distribution, but rather recently
dispersed species. These conclusions are not inconsistent with migra-
tion from Europe to Greenland and the eastern CAA in the postglacial,
although they may also reﬂect older migrations and survival in place.
In general, phylogenetic studies provide intriguing evidence, but as
with any source of paleo-data, interpretations are based on assump-
tions, such as of evolutionary rates. It is assumed that refugia would
have high genetic diversity, but this can also occur in contact zones or
be a result of extensive migrations from a high-diversity refugium
(Abbott and Brochmann, 2003).
Thus, an overall conclusion at this time is that most of the ﬂora had
migrated to the CAA and Greenland in the postglacial, although the
issue is not completely settled. There may have been some plants re-
maining in refugia, which are perhaps not static areas, but changing lo-
cations in response to paleogeographic changes and with regional
migration between these areas during the full glacial. Since many of
the taxa arrived from Europe, this leads to a conclusion of very rapidmi-
gration and colonization perhaps associated with drift ice as well as an-
imal vectors. Current evidence does not suggest signiﬁcant migration
lag of taxa to climate change. Note however, as sea ice disappears
from the Arctic, a new phenomenon, this may make application of
paleo-based conclusions to the future more difﬁcult.
4.1.4. Dispersal mechanisms
The question of themechanisms of dispersal remains. Long-distance
dispersal of seeds is not well understood, but the fossil evidence sug-
gests migrations of taxa much faster than would be expected from con-
clusions drawn from studies of “normal” seed dispersal (Cain et al.,
2000). Arctic plants have noparticularmechanisms promoting seed dis-
persal by wind (Abbott and Brochmann, 2003), although seeds could
presumably be transported long distances blown across the ice or
snow surfaces (Fredskild, 1973). Drift ice as a dispersal mechanism
has been studied in some detail and examples from the older literature
are provided by Johansen and Hytteborn (2001). Seeds or propagules
could presumably be entrained in Arctic sea ice, along with driftwood,
and the currents would carry them from Eurasia to east GreenlandFig. 8.Map showing pollen concentration of modern samples from the Canadian Arctic (Ritchi
cluded in the pollen sum (Table 2).and perhaps to west Greenland through the Transpolar Drift and East
Greenland Current. Transport associated with the Beaufort Gyre could
bring seeds to the CAA, and outﬂow from the Mackenzie and other riv-
ers in Canada could provide a source of propagules for the western and
central Arctic Islands. Today, the coastal bays east of the Mackenzie
Delta region are ﬁlled with driftwood logs (pers. obs.), presumably
transported down the river and then entrained in the Arctic ice or
water currents, and seeds could be transported with these logs. Dyke
et al. (1997); Dyke and Savelle (2000); Eggertsson and Laeyendecker
(1995) and Hellmann et al. (2013), among others, have studied Arctic
driftwood in some detail, and showed how it changes through time
and also how far some of the logs can be transported. Propagules
could presumably be transported in a similar way. Alongwith extensive
transport of seeds by birds, this mechanism could account for the rapid
arrival following local deglaciation. A continual exchange of seeds could
also continue through the Holocene.
In a genetic study of nine species on Svalbard, Alsos et al. (2007)
identiﬁed source regions for the species that are also found inGreenland
or the Canadian Arctic. They concluded that dispersal occurs often and
rapidly. Several source regions could be identiﬁed for species most tol-
erant of cold and this suggests that establishment, and not dispersal,
was the limiting factor.Müller et al. (2012) conﬁrmed these conclusions
in a genetic study of S. oppositifolia that found efﬁcient dispersal of pop-
ulations at several spatial scales within the Archipelago. Once plants ar-
rived, dispersal among habitats occurred quickly and often. Bonde
(1969) and Glaser (1981) provide evidence of transport of plant mate-
rial over the snow surface in winter that could account for efﬁcient dis-
persal between habitats.
The literature and the results of the present study conﬁrm these con-
clusions; there is little evidence for dispersal limitation of the Arctic
ﬂora. Taxa arrived immediately, in many cases from Europe, after local
deglaciation. This extremely efﬁcient dispersal suggests the potential
for the ﬂora to respond rapidly to a climate change. The late expansion
of some shrubs remains an issue (above). Is this due to dispersal limita-
tions or unfavourable environment for establishment? To answer this
question, we would need to resolve the spatial trends in Holocene cli-
mate; for example one can't just extrapolate from the ice core records
to all areas (Gajewski, 2015). Fig. 2 shows spatial differences in the cli-
mate evolution of the Holocene, especially in south Greenland where
maximumwarmth occurred in the late Holocene. If thiswere conﬁrmede et al., 1987; Gajewski, 1995, 2002; Gajewski et al., 1995). Only Arctic pollen taxa are in-
Fig. 9. Modern Arctic pollen concentration as a function of July temperatures. Colours:
black—Banks Island; red—Ellesmere and Axel Heiberg Islands; blue—Victoria Island;
green—Boothia Peninsula; purple—Somerset Island; orange—Bathurst Island;
cyan—Melville Horton region; open—Cornwallis, Prince of Wales and Devon Islands.
Table 3
Summary statistics of pollen concentrations in surface samples from Arctic and boreal
Canada, classiﬁed by vegetation zone. Values are given for total concentration (including
all terrestrial pollen and spores counted) as well as only Arctic pollen taxa (Table 2). Units
are grains cm−3.
Vegetation
zone
Pollen
sum
Mean Standard
deviation
Median Minimum Maximum n
High Arctic Total 5868 5134 5421 205 17,441 16
Arctic 304 185 232 125 739 16
Middle Arctic Total 7429 9693 4030 378 49,569 56
Arctic 2493 2781 2081 258 18,611 56
Low Arctic Total 6950 3460 5924 3374 17,561 24
Arctic 5735 3095 4768 2592 15,240 24
Boreal Total 80,825 65,452 64,220 5777 299,015 97
282 K. Gajewski / Global and Planetary Change 133 (2015) 272–287by independent proxies, this could explain the late arrive of some taxa
to South Greenland.
4.2. Biodiversity changes in response to climate change
4.2.1. Establishment and initial succession
The lowermost samples of many Arctic pollen diagrams frequently
contain values of some taxa greatly dissimilar from subsequent ones
through the entire sequence, or from modern samples (Fig. 3). For
example, basal assemblages are seen with very large values of certain
taxa, such as Oxyria (KloftSo, LangeSo, SpongillaSo, Sardlup, Baird
Inlet), Polypodiaceae (KlareSo, Qeqertat, Baird Inlet, Igloolik), Salix
(KR02),Betula (KlareSo, Baird Inlet), or Gramineae (Baird Inlet, LangeSo,
TerteA, BramgasSo, Muskox) (references in Table 1). This has been at-
tributed to successional processes (e.g., Hyvärinen, 1985), unstable
soil (e.g., Miller et al., 2005), or factors such as migration lag of other
taxa (discussed above). It may be simply an artefact of chance variabil-
ity; lowermost sediments tend to have very low pollen concentrations
and are therefore difﬁcult to process and count. The resultant pollen
spectra tend to have a lower pollen sum.
As discussed by Svoboda and Henry (1987), the textbook concept of
ecological succession does not really apply in the High Arctic polar de-
sert environment, where the severe limits on plant growth and variable
environment are more important determinants of plant density than
timeor soil conditions (e.g., as preconditioned by previous stages of suc-
cession). In so-called “Arctic oases”, where these studieswere undertak-
en, there is some evidence of directional succession from areas recently
deglaciated from maximum Little Ice Age (LIA) positions (Jones and
Henry, 2003), but these are not necessarily good analogues for the
early Holocene, and the timescale of the measurements is short. A
study of re-vegetation on lands de-glaciated since the LIA suggest
slow recolonization (Lévesque and Svoboda, 1999) but the authors
noted that in regions where soil moisture were available, plants were
growing well.
The role of “soil development”, in affecting the establishment of the
initial vegetation (cf. Normand et al., 2013) is not clear. Over much of
the CAA, Arctic soils are currently classiﬁed as Gelisols, due to the pres-
ence of permafrost (Buol et al., 2011). Previously, High Arctic soils
would have been classiﬁed as Inceptisols with little evidence of
horizonation or accumulation of organic matter (0.5–1.2%; slightly
higher in snowﬂush sites; Bliss et al., 1984) or Entisols. Soils are more
developed in the Low Arctic and in Greenland (Histels; Buol et al.,
2011). Locally, snowﬂush communities have higher species richness
and cover (Bliss et al., 1984); these areas are formed when excess
snowmelt provides moremoisture. The presence of these communities
suggests that when the climate is sufﬁcient, soils can quickly develop.
Plants grow, and have been growing during the entire Holocene in
areas with no soil development. Thus, it is not clear that lack of soil de-
velopment will affect plant establishment as climate warms.
Above, I have discussed a number of factors relevant to understand-
ing the establishment of vegetation: (a) evidence of dispersal of taxa be-
tween habitats as well as between the islands of the CAA, (b) the
present-day growth of plants across the entire Arctic in areas with no
soil development, (c) the observations of the importance of climate in
determining plant distribution, and (d) evidence of arrival and estab-
lishment immediately after local deglaciation. These all suggest that
the response of the Arctic vegetation to climate changes or availability
of new land is very rapid. There is little evidence of severe dispersal lim-
itation or of long lags of the vegetation to climate changes.
4.2.2. Postglacial vegetation succession
In Greenland, summaries of the available pollen data (e.g., Funder
and Fredskild, 1989) concluded thatmost sequences followed 3 phases.
An initial “fell-ﬁeld”, vegetation broadly similar to that seen in much of
the Canadian Islands (polar desert or High Arctic) was followed by a
middle period with dwarf shrubs and even open forests in the south.Although details of the vegetation changes vary depending on region,
in general the initial landscape consisted of a sparse, open herbaceous
vegetation, with, however, some shrubs. In the mid Holocene, the den-
sity and height of the vegetation increased with the arrival of new taxa
and themore abundant growth of the species in place (e.g., Eisner et al.,
1995). It is not clear if everywhere the increase in abundance of shrub
pollen was from populations that were present earlier, or the migration
of the taxa from Europe or North America. In the late Holocene, the veg-
etation became more open (e.g. Kelly and Funder, 1974; Funder, 1978;
Fredskild, 1983; Funder and Fredskild, 1989).
In some cases, species not found in a region todaywere found in high
enough abundance in the past that it is possible that theywere growing,
but disappeared during the late Holocene (e.g., Bjorck and Persson,
1981). For example, in the north (Greenland and Ellesmere Island), an
early phase with high values of Oxyria, Gramineae and herbs is
interpreted as a pioneer vegetation (Hyvärinen, 1985). Poaceae tends
to be high in High Arctic modern pollen assemblages, whereas
Cyperaceae pollen becomes dominant in Middle Arctic modern sedi-
ments (Gajewski, 2002). In some areas of the north some shrubs arrived
early. Salix and Ericaceae shrubs then becamemore abundant, although
increasing at different times in different sites. This is interpreted as im-
migration of the taxon to the area. Salix arrived between 6000 and 8000
around northern Greenland, and Cassiope between 5000 and 8000, de-
pending on the region (Fredskild, 1985a). In some cases, pollen of taxa
not present in the area today, although found more to the south, were
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dance in the late Holocene, interpreted as a consequence of deteriorat-
ing environment (Fredskild, 1969; Hyvärinen, 1985; Funder and
Abrahamsen, 1988; Fredskild, 1985a). Similar scenarios are described
in the relevant references for other regions.
In the CAA, the postglacial vegetation development tends to be sim-
pler. Studies done in Middle and High Arctic sites show the arrival of all
taxa immediately after deglaciation. This is followed, in some cases
shortly, by maximum development of the vegetation. Changes consistFig. 10. Pollen accumulation rates from the Canadian Arctic and Greenland. Grey silhouettes sh
ation of these data. Note scale changes.of increases in plant density on the landscape, and some changes in
the relative proportions of the taxa (e.g. Gajewski, 1995; Zabenskie
and Gajewski, 2007; Peros and Gajewski, 2008; Peros et al., 2010).
There is no evidence of immigration of taxa or their disappearance dur-
ing the Holocene. On Bafﬁn Island, an initial phase of sparse vegetation
is followed by more abundant vegetation on the landscape, although it
is not clear if taxa such as Alnus or Betula grew locally or were
transported from Quebec–Labrador (Wolfe et al., 2000; Miller et al.,
1999).ow the Arctic pollen inﬂux, including only taxa from Table 2. The lines are a 10× exagger-
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What was the nature of the vegetation in the past? Did it differ from
whatwe know today across the Arctic? Oneway to study this is to com-
pute themodern analogues of all fossil samples, to see how closely they
resemble those being deposited today (Anderson et al., 1989).
The fossil assemblages from all cores were numerically compared to
the available modern pollen from the Arctic and Forest-Tundra of North
America (Whitmore et al., 2005) using the squared chord distance
(SCD) as the dissimilarity measure. An analysis of the SCD between
pairs of modern data (Sawada, 2006; Sawada et al., 2004) shows that
a value of 20 (SCD ∗ 100) may indicate potential non-analogue condi-
tions in this dataset (Gajewski, 2015).
In general most samples (80%) had SCDs less than 20 (ie good ana-
logues) somewhere among themodern samples. Values of dissimilarity
tended to be greater in older sediments, especially before 5 ka (Fig. 5a).
The minimum dissimilarity also tended to be greater in older samples.
When plotted against site number, larger analogues tend to be found
in Greenland and the Eastern Arctic; this is probably a function of the
larger number of surface samples in the Canadian Arctic. Only a few fos-
sil samples had high values of SCD (i.e. non-analogues) in the Western
and Central Arctic (Fig. 5b). In the Eastern Arctic, a number of samples
had very large analogues, but these are cores analyzed a number of
years ago with lower pollen diversity. Although occasional large SCDs
are expected due to presence of samples with low pollen sums and
chance errors, the increase inminimumvalues prior to 5 ka is intriguing.
It suggests that, although the vegetation at that time broadly resembled
that of today, there are nevertheless some small differences in relative
abundance of the plant taxa that tends to increase the dissimilarity of
the pollen spectra.
4.2.4. Ordination
To help interpret the results of the analogue analysis, a principal
components ordination was performed combining all fossil samples
with modern samples from the Arctic and Forest Tundra (Whitmore
et al., 2005). The ﬁrst two components explain 13.0% and 11.8% of the
variance (Fig. 6). The convex hull around the modern samples spans
nearly the entire range of the fossil samples, although the density of
modern samples is sparse in the area of the biplot where Greenland
samples are located. Overall, there are notmany samples from the fossil
pollen spectra that do not resemble modern samples. The lower densityFig. 11. Pollen accumulation rates, including only Arctic taxa (Table 2). The pollen inﬂux was n
samples from Eastern Greenland with concentration values. The line is a lowess ﬁt to the data
plotted.of modern pollen spectra mappingwith Greenland fossil spectra is sim-
ply a question of sampling effort; there were ﬁeld campaigns to obtain
modern samples in Canada, whereas these have not been performed
in Greenland. Therefore, the ordination does not identify some particu-
lar taxon or group of taxa that may be responsible for non-analogue
communities in the past.
To summarize the time-space relative abundance of the various pol-
len taxa across the CAA and Greenland, a principal components analysis
of only the fossil dataset was performed. The ﬁrst two components ex-
plained 13.3% and 10.9% of the variance (Fig. 7). The basic ordination re-
sembles that done on the combined fossil and modern dataset, not
surprisingly, since there were 1341 fossil samples and 665 modern
samples.
The ﬁrst component illustrates a gradient in the composition of the
pollen ﬂora from west to east. Samples from western Arctic Canada
tend to have more Dryas and Saxifragaceae pollen, whereas those
from Eastern Arctic Canada have more Betula and Alnus (Fig. 7a). One
possible reason for the large Alnus values is transport from nearby
northern Quebec, where abundant Alnus pollen is characteristic of the
extensive Forest-Tundra found in that region (Gajewski, 1991). Alnus
is found in south and west Greenland, although there is discussion
about the interpretation of its arrival in a region (e.g., Fredskild, 1973;
Fréchette and deVernal, 2009). Samples from Greenland have higher
Polypodiaceae and Ericaceae pollen, and south Greenland sites tend to
havemore S. oppositifolia andOxyria. Nevertheless, there is considerable
overlap, as expected given the circumpolar nature of the ﬂora.
On the biplot, there is no clear progression in sample relative abun-
dance through time of the entire region (Fig. 7b). Samples were classi-
ﬁed into four time periods, irrespective of location, to see if there were
large scale shifts in the relative abundance of the pollen taxa. The con-
vex hulls again overlap, suggesting that there were no major changes
in the biodiversity over the Holocene, but rather small changes in the
relative abundance of the taxa.
Overall, these results show that fossil samples are not unusual with
respect to modern pollen spectra and the increase in SCD shown in
Fig. 5 is at least partly due to sampling effort— a lack ofmodern samples
from some regions. This then suggests that the vegetation during the
early- and mid-Holocene warm period did not differ greatly from
today in biodiversity or composition. We would not expect non-
analogue vegetation for the future, although CO2 fertilization andormalized on a lake-by-lake basis and all sites in a region plotted together. There were no
. Seven samples with values greater than 4 standard deviations from the mean were not
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have changed, but these results are based on pollen percentages,
which do not indicate vegetation density of plant production.
4.3. Plant production and vegetation density
Pollen accumulation rate (PAR, also called inﬂux) is computed by
estimating the pollen concentration of pollen in the sediment (grains
cm−3), using standard methods, and multiplying by the sedimentation
rate (cm yr−1). PAR is therefore the number of pollen grains cm−2 yr−1
accumulating in the sediment and can be used as index of plant density
or overall production. However, PAR is notoriously dependent on sedi-
mentation rate estimation, which is prone to large errors. Pollen input
to the sediments depends not only on the pollen produced in the land-
scape, but also on processes in the lake that affect delivery to the
sediments and sediment accumulation patterns within the lake and
through time. Lake size and basin shape (conical, cylinder or saucer
shaped), the relative amount of stream input, and the redistribution of
sediment from shallow to deeper water are among the factors that
can induce short- or long-term trends into the PAR irrespective of the
changes in pollen production on the landscape.
4.3.1. Modern pollen concentration
Gajewski (1995) noted a clear decline in modern pollen concentra-
tions across the Middle Arctic to High Arctic boundary on Somerset Is-
land, suggesting the potential of pollen inﬂux as an index of plant
density or production on the landscape. Computing inﬂux of modern
samples is not possible, as estimates of sedimentation rate are not rou-
tinely made when samples are collected. However, recent sedimenta-
tion rates do not vary greatly from 60 to 80°N (Brothers et al., 2008)
suggesting inferences made using pollen concentrations in modern
samples should be preserved in pollen inﬂux, especially if the differ-
ences are large.
Pollen concentrations are available from several studies of modern
pollen deposition in Arctic and boreal regions (MacDonald and Ritchie,
1986; Ritchie et al., 1987; Gajewski, 1991, 1995, 2002; Gajewski et al.,
1995). Arctic (non-tree) pollen concentration does decrease from Low
to High Arctic, although this decrease is not statistically signiﬁcant
given the high variance (Fig. 8; Table 3). Assuming this relation is
preserved if accumulation rates are relatively constant, this suggests
that pollen accumulation rates may differ between vegetation zones.
Long-distance transport of pollen from trees remains high across the
Arctic (Fredskild, 1985b, Rousseau et al., 2006; Gajewski et al., 1995;
Bourgeois et al., 2000, 2001), so total pollen concentration, which
includes all pollen counted in the sample, remains more constant,
although much lower than in boreal samples (Table 3). A relation, al-
thoughweak, is seenwith Arctic pollen concentration and temperature,
suggesting the possibility that concentration and PAR can be used as in-
dices of past climates (Fig. 9). Arctic pollen concentrations also tend to
differ between the different islands (Figs. 8, 9).
4.3.2. Fossil pollen accumulation rates
Pollen concentrations and sedimentation rates are available for ap-
proximately half of the cores and Arctic PAR was computed (Fig. 10).
Total PAR in Arctic lakes is extremely low, rarely above 1000
grains cm−2 yr−1, and in some sites fewer than 10 grains cm−2 yr−1
(Fredskild, 1985b; Gajewski et al., 1995). Arctic PAR varies greatly
through time, but there is a general tendency for higher values in the
earlier part of the Holocene. This is less evident in South Greenland,
where maximum values frequently occur later (Fig. 10).
The Arctic PAR values were normalized for each lake and plotted by
region. High values of Arctic PAR tend to be found before 5 ka in the
western and central Arctic and before 3 ka in the eastern Arctic and
north Greenland (Fig. 11). In South Greenland, there is less change
through time, although there is a tendency for larger values of Arctic
PAR in the mid- to late-Holocene. Thus, there is a tendency for higherinﬂux in times where the pollen assemblages, based on percentage
data only, reconstruct warmer temperatures (Fig. 2), and where inde-
pendent data also suggest warmer conditions (Gajewski and Atkinson,
2003; Kaufman et al., 2004). However, there is considerable variability
in these data and more work would be needed to better quantify
these observations.
4.3.3. Interpretation of PAR in the Arctic
In the Arctic, plant distribution, biomass and cover are associated
with the climate (Edlund and Alt, 1989; Gould et al., 2003a,b). High
Arctic regions are a barren landscape with only few woody plants
(e.g., S. arctica and D. integrifolia) in the southern part of the zone. Veg-
etation cover increases in the Middle Arctic, and taxonomic and func-
tional diversity as well as shrub height increase towards the Low
Arctic (Gould et al., 2003a,b). Gould et al. (2003b) showed that mea-
sures of plant production, derived from satellite data and calibrated
using ground truth data, such as plant cover, plant biomass and net pri-
mary productivity (NPP) were correlated among themselves, and were
correlated with the bioclimatic zonation. For example, the High Arctic
has vegetation with 5–50% cover, whereas in the Middle Arctic, the
cover can arrive at 80%, although there is spatial variability. Biomass
and NPP increase by over an order of magnitude across the Arctic
(Gould et al., 2003b). Biomass is correlated with plant cover (Gould
et al., 2003b), and this translates into Arctic pollen concentrations an
order of magnitude greater in the Middle Arctic than High Arctic, and
they double again in the Low Arctic (Table 3).
At present, there are too few data of pollen concentration or PAR
from the Arctic to permit the estimation of these ecosystem parameters,
but there is potential to use indices of pollen production (concentration
or PAR) as indices of plant production or plant cover on the landscape.
The association of higher Arctic PAR with times when the pollen per-
centages reconstruct higher temperature suggests that during the
warmer period, the plant biomass and/or cover were greater than
today. Currently, changes in NPP and plant cover are already being ob-
served in the Low-Arctic tundra, (Crawford, 2008), and this may trans-
late into changes in pollen productivity into the future.
5. Summary
Work on the history of the Arctic vegetation is only beginning. There
are few pollen sites from across this large area, and many of the avail-
able data suffer from low temporal resolution and dating problems.
The herbaceous ﬂora arrived early and quickly after local deglaciation
and there is evidence of changes in production and relative abundance
of the taxa over the course of the Holocene. In Greenland, themigration
of the shrub species remains an issue of interest, as there is discussion
about the potential of a lag of theirmigration in response to past climate
variations. In some areas there is evidence of disappearance of taxa in
response to cooling of the late Holocene.
In pollen records from the CAA, there is no evidence of changes in
biodiversity over the course of the Holocene. At the coarse level of the
pollen taxonomy, this is not surprising and more detailed studies, per-
haps using macrofossils, will be needed to conﬁrm this conclusion.
The major changes in the pollen biodiversity are in the relative changes
among the taxa, presumably in response to climate variations.
Changes are seen in the pollen accumulation rates, and these are
interpreted as indicating that the Arctic ecosystemswere more produc-
tive during warm periods of the past. One signiﬁcant conclusion of this
study is that climate variability has a greater effect on ecosystemparam-
eters such as production and biomass than on biodiversity. A second im-
portant conclusion is the rapid migration and colonization of the Arctic
ﬂora, which probably arrived from Beringia, south of the Laurentide ice
sheet and fromEurope in the postglacial. These conclusions suggest that
in the future, Arctic ecosystems will respond rapidly to warming, and
the major change will be in plant production more than biodiversity.
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